This paper reports on experimental and theoretical studies of a fundamental mode, large-orbit gyrotron oscillator designed to produce high-power radiation in the rectangular TE,a mode at about 650 MHz. A basic linear theory for design and operation is presented and experiments confirm its applicability. Results of initial experiments have demonstrated 4Oh4.2 MW of microwave radiation in pulses equivalent in duration to the electron beam, corresponding to an efficiency of about 16%. In some cases, much greater power levels of lOO=l=20 MW were observed at the expected frequency but in pulses of very short duration. In both cases, the observed frequency and mode pattern were consistent with operation in the fundamental mode. Experiments also demonstrated that the observed radiation was linearly polarized, as expected.
I. INTRODUCTION
The usual configuration of the interaction region of a gyrotron is a cylindrical, axially symmetric cavity. Electron beams used to drive the instability are usually annular and exhibit either small-orbit or large-orbit (axisencircling) rotations. Replacing the conventional cylindrical cavity with a structure of rectangular cross section yields a gyrotron that is straightforward to design and has several potential advantages. However, this configuration has received comparatively little experimental attention.
Cylindrical large-orbit gyrotrons have generated highpower electromagnetic radiation in several source configurations (see Ref. 1 , and references cited therein). The large-orbit gyrotron has typically been used to generate high-power radiation at relatively high frequencies due to the potential for efficient beam-wave coupling at high harmonics of the electron cyclotron frequency, ameliorating the requirements of high magnetic fields for gyro-based sources. However, a large-orbit gyrotron is also an attractive low-frequency radiation source, where it offers several advantages over other candidates such as the magnetron, the backward-wave oscillator (BWO), and conventional (small-orbit) gyrotrons.
The peak power capability of the magnetron and BWO is, in many cases,'limited by the presence of the periodic, slow-wave structure. In addition, these sources require mechanical changes of the slow-wave circuit to alter the resonant frequency, unlike a gyrotron. The conventional gyrotron is a fast-wave device, but typically uses a magnetron injection gun (MIG) with a thermionic cathode to produce an electron beam with the small velocity spread and other parameters necessary for stable, efficient operation. Frequency scaling of a conventional MIG is a fundamental constraint that does not favor decreasing interaction frequency." In addition, there are practical limitations on the maximum MIG voltage due to breakdown across the insulators. On the other hand, the large-orbit gyrotron may be driven by an electron beam generated via a more Piercelike diode geometry. Typically for a low-frequency gyrotron, such a diode geometry has advantages over that of a MIG. For example, the current of a cusp-injected largeorbit beam can be greater than that of a MIG2p3 while the beam width is smaller and the overall beam size is approximately half; that from the MIG. Also, for a given frequency of radiation, use of the cusp-injected large-orbit beam configuration avoids many of the problems associated with space-charge effects in the MIG and adjacent compression regions, which can prevent the beam from attaining a large perpendicular velocity or lead to an unacceptably large spread in beam energy.
Analogous large-orbit gyrotron experiments have been conducted in the cylindrical geometry, generating fundamental TE,, mode radiation at high-power levels of about 100 MW, corresponding to a peak electronic efficiency of about 18%.475 There are several potential applications where it may be desirable to generate linearly polarized TErc radiation directly, rather than attempting to convert from cylindrical TE, i to rectangular TE,, through use of a mode converter. Although converters may be designed to perform rather efficiently, these components invariably have insertion losses, can cause spurious mode conversion to unwanted modes, and can adversely affect the operation of the gyrotron by altering the Q of the interaction region.6 In addition, at frequencies below 1 GHz, the lengths required for low-VSWR transitions may be impractically long, precludmg development of a compact source. Furthermore, in the amplifier case, the design of an input coupler may be simplified in the rectangular geometry. Finally, if properly designed, the coupling between the beam and electromagnetic field in the rectangular interaction region may exceed that of a cylindrical interaction region.
In this paper, we report the theoretical design and first experimental operation of a rectangular large-orbit gyrotron operating at the fundamental of the cyclotron frequency (about 650 MHz). High-power radiation in the desired TE,, rectangular mode has been observed at frequencies consistent with predictions from linear theory. Basic design, growth rate, and power calculations are presented in Sec. II of this paper. Experimental results are discussed in Sec. III, and conclusions drawn in Sec. IV. 
II. THEORETICAL DEVELOPMENT
Operation of the rectangular large-orbit gyrotron is analogous to that of the cylindrical large-orbit gyrotron.4 A schematic cross section of the rectangular large-orbit gyrotron is shown in Fig. 1 . A streaming annular beam passes through a narrow region where the axial magnetic guide field undergoes an abrupt reversal in polarity, a cusp. Downstream of the cusp, the beam rotates as it enters the smooth-walled interaction region. While initially random in phase, the rotating beam is subject to the negative mass instability, promoting the formation of bunching in the electron beam. The entire process is greatly enhanced when a background electromagnetic field is present and synchronism between the electron beam and the electromagnetic field is established.
Linear theory sufficiently describes the behavior of the rectangular gyrotron for first-order tube design purposes. Other numerical and nonlinear techniques have been developed to model gyro-based devices, and may be more appropriate for accurately modeling the performance of the rectangular gyrotron oscillator. However, the linear theory is attractive in this case because it yields closedform analytic expressions that illuminate the physics and scaling laws governing source behavior.
Consider a tenuous annular electron beam, S( r-rb), monoenergetic and pos:essing only axial ( ud) =&c&> and azimuthal ( ueo=&,cO) velocities, and propagating through a rectangular interaction region immersed in a uniform axial magnetic field, B& In the absence of any perturbations caused by the presence of the electron beam, the dispersion relation relating to waveguide modes is to2= ( k#)2-f& where k, is the axial component of the wave vector and c$,, = dc2[ (m/a) 2 + (n/b) 2] is the cut-off frequency for the mode of interest. Doppler-shifted cyclotron harmonics are associated with beam density perturbations caused by rotation and are given by c.o=kpy!-1% (2) where v, is the axial velocity of the beam, 1 is the harmonic number, C&=qB~ym,, y is the relativistic factor, and m. is the electron rest mass. Simultaneous solution of Eqs. ( 1) and (2) yields the points where synchronism occurs and growth rates are greatest. In general, two solutions result. However, for the grazing condition, the two converge to a single operating point, given by the expression where y;" = 1 -&, I is the beam cyclotron harmonic number, and Ctc=qB~yomo is the relativistic cyclotron frequency. For the grazing condition, it is necessary that experimental parameters be chosen such that
The electron beam radius necessary for synchronism (I= 1 fundamental assumed) is found from the inequality ,/mb+na 1 ,y ab rb=-f T where x = a ,/d -1 and a = vl /v, . Here, the electromagnetic field is either TE,, or TM,, and the waveguide is rectangular with inner dimensions a and b. Assuming resonance with the fundamental mode, a large fraction of rotational energy, and a fairly relativistic beam energy, Eq. (5) may be approximated by rbza $/%-. Typical design parameters are summarized in Table I and the dispersion relation is plotted in Fig. 2 .
Several techniques are available to analyze the beamwave coupling in this system. Lau and Barnett proposed an analytic model based on several simplifying assumptions to determine the coupling parameter and growth rate of the fundamental TE mode in the rectangular interaction region. ' Later, Ferendeci and Han rigorously solved the linearized relativistic Vlasov equation, obtaining general solutions for TE,, modes.' These techniques are often most appropriate in the small-signal regime. To model the largesignal behavior of the source, other approaches including numerical integration of the nonlinear ballistic equations have been developed for analysis of the conventional gyrotron. ' In principle, these techniques could be employed to design and analyze the rectangular gyrotron with some modification due to the lack of cylindrical symmetry. As the nature of these experiments were proof-of-principle, the approach using the linearized Vlasov equation was followed. Table I and used in the experiments.
In Lau and Barnett's model, the electron beam is assumed to be infinitely thin, monoenergetic, guiding center radius of zero, and u,===O. Under these assumptions, selffields are neglected, the electrons have no velocity spread in either the transverse or axial direction, and no radial velocity component. Since, to lowest order, the coupling and growth rate are independent of v, and k,, the v,=O assumption only serves to simplify the calculation. ' The coupling term is determined by calculating the rf surface current induced on the beam, then using that result in the wave equation for TE modes. The coupling term E for the T&c rectangular mode to a rotating electron beam of radius r, is given by
where Y is the dimensionless Budker parameter and Ji is the derivative with respect to the argument of the Bessel function of the first kind, of order one. Note that the coupling scales linearly with the ratio of the waveguide dimensions. Furthermore, Lau showed that when a/b> 2, the growth rate of the fundamental rectangular mode exceeds that associated with an analogous fundamental cylindrical mode. From the coupling coefficient the TE,, growth rate I' may be calculated from the expression
The rigorous, more generalized solution for the dispersion relation of the rectangular gyrotron yields a result that is mathematically similar to that of an axis-symmetric system with one significant difference. The dispersion of a given mode in the rectangular case is determined by an infinite summation of harmonic terms, rather than a single quantity. Solving the dispersion relation in the usual manner for the coupling terms yields a result mathematically similar to Eq. (6)) with one significant addition. The righthand side is multiplied by the beam-wave coupling coefficient
where (O<)Fl) (11, k,,, and kyn are the transverse wave vector components, and (xo,yo) give the displacement of the beam's coordinate origin from the center of the rectangular waveguide.
As is typically done in the design of gyrotrons, parameters are chosen for a grazing interaction, where the lth harmonic of the beam line is tangential to the mode of interest. The grazing condition is a desirable operating point for the gyrotron because it is both strong and efficient; for a given Z, the forward-wave growth rates are maximum and the group velocities of the electron beam and electromagnetic wave are identical, so that energy in the waveguide propogates at the same velocity as the perturbation. A peculiarity occurs in the rectangular gyrotron operating in a TEnlo mode since ~,,am. Therefore, the larmor radius required for a grazing interaction between the I= 1 beam mode and the TElo mode is identical to that required for grazing between the l=m beam mode and the TElnO mode. The growth rates for several such cases are shown in Table II . Note that the fundamental interaction dominates. Designing a rectangular interaction region for grazing intersection near cutoff, between the TElo and I= 1 cyclotron harmonic will always result in the largest growth rate. The beam-wave coupling for grazing in that case, eio, will always exceed e',j, '.' Although the fundamental interaction is expected to dominate, the growth rates of other grazing harmonics may produce some mode competition. In addition, if the electron beam is displaced from the center of the waveguide, there may be significant coupling to other higher order modes. The coupling to TM modes is expected to be weak because the electric field associated with those modes is not oriented to couple well with a rotating electron beam in a rectangular waveguide. Assuming the beam is centered Table I ), the predicted resonant frequencies for several salient modes are shown in Table III . In most cases, two resonant frequencies exist, corresponding to the high and low intersection of Eqs. ( 1) and (2). Note that atan exists only for tangential interactions, where o+ and o-coalesce. The real frequency shift due to the presence of the beam was taken into account for the cases where it is not negligible. Note that the dimensions of the interaction region were chosen such that there was a reasonable frequency separation between modes, decreasing undesired coupling, and easing the identification of higher order harmonics. During the experiment, however,. it is quite possible that the frequency generated may differ from that predicted by theory for a variety of reasons related to the stability of and uncertainty in the beam and system parameters. For example, the high-voltage pulse that creates the beam is fairly flat, but does have a slight ripple, on the order of a few percent. The beam energy may vary from shot-to-shot due to fluctuations in the capacitor charging voltage or due to the varying condition of the beam diode. Also, the magnetic field has a finite transition length and some inhomogeneities. Besides possibly altering the interaction frequency, the magnetic field transition length and axial profile can adversely affect the rotation of the beam. lo Assuming operation in the fundamental mode, an estimate of the total power radiated by an open-ended rectangular source may be determined through the use of the following relation for the on-axis microwave power density measured in the far field: P where pmax is the power density at the receiving antenna horn, 17 and p. are the impedance and permittivity of free space, k. is the propagation constant in the waveguide, and Ei is the electric field at the end of the radiating waveguide. Solving Eq. (9) for Ei, the total radiated power is easily calculated from
EXPERIMENTAL RESULTS (10)
A rectangular gyrotron oscillator experiment was designed to generate electromagnetic radiation at 650 MHz radiation in the fundamental rectangular mode, TE,,. A cross section of the experimental setup was shown in Fig.  1 . The rectangular interaction region was designed for compatibility with the vacuum envelope associated with an existing cylindrical gyrotron, hence the design values from Table I represent the best choices from tradeoffs and are not necessarily representative of an optimized source.
The pulsed power supply used in these experiments was capable of delivering about 600 keV to the high impedance diode." A pulse flat-top of about 75 ns and about 4% ripple was obtained by use of a high-power resistor (sodium-thiosulfate liquid-Na2S203) to match the parallel combination to the low impedance charge line. The electron beam source consisted of an explosive-emission stainless steel, knife-edge cathode separated by a short gap ( -4.5 cm) from a grounded anode plate with an annular aperture. That anode plate was mounted to the upstreamside of a magnetically soft ferromagnetic plate. A set of solenoidal field coils placed upstream and downstream of the iron plate form the magnetic cusp. When the coils are energized, they create a solenoidal guide field in the regions away from the cusp. At the cusp, the ferromagnetic material guides magnetic tlux lines, creating an essentially radial magnetic field from the axial guide field. As a streaming electron passes through the cusp, it begins to rotate due to the Lorentz force v&X BP. Depending on the polarity and magnitude of the electric currents in the solenoids, either large-or small-orbit rotations may be imposed on the streaming electron beam.3 If the electric currents in the upstream and downstream field coils are chosen such that the axial magnetic field on each side are equal and opposite, then the cusp is balanced and electrons within the beam undergo helical orbits, their downstream trajectories encircling the z^ axis. In the balanced cusp case, the guiding center is zero. The period and axial length of a single electron's helical trajectory is determined by the initial beam radius, energy, and strength of the externally applied magnetic field. For a balanced cusp, the a of the beam is given by a= wB0
Typically, the injected electron beam carried a current between 600 and 900 A, depending on the anode-cathode gap, charging voltage, and magnetic field setting. A threshold energy is associated with the electron beam since, for a given set of magnetic fields, the cusp reflects all electrons with energies below:
IT----. '--.--. From this data, the beam energy is calculated to be between 500 and 600 keV, the maximum accelerating potential.
All microwave measurements were made using the diagnostic setup shown in Fig. 4 . Radiation was extracted through the open-ended waveguide and radiated into free
space. An open-ended WR-975 receiving antenna was placed in the far-field, oriented first to couple best to modes with an EY. Later, the antenna was reoriented by a quarter ccw rotation to couple best with modes that have an E,. The microwaves received during a shot were coupled to a coaxial line, attenuated, and either observed directly with a fast oscilloscope or detected by a calibrated diode. The effective area of the WR-975 antenna was determined through external calibration. All cables and attenuators were calibrated in situ and independently. The connections and transitions were all carefully shielded-to minimize leakage. Similar diagnostic techniques have been shown to provide accurate results for measurements of this type and magnitude.4 In addition, the breakdown of a low-pressure gas cell was used to confirm the lower bound of the radiated power. For certain parameters, the duration of the microwaves radiated by the rectangular gyrotron were about that of the beam pulse (75 ns), while occasionally, much higher powers (two to three times) were observed, but in very short pulses. Typical examples of observed microwave radiation is shown in Figs. 5 (a) and 5(b). Fourier decomposition of the spectral frequency components present in the pulse of Fig. 5 (a) is shown in Fig. 6 . The observed frequency of radiation, about 650 MHz, is consistent with the predicted result from linear theory. Using Eq. (lo), the estimated total power radiated by the source is estimated to be about 40 MW for the long pulse case, typified by Fig.  5 (a). Operation at this power level corresponds to an electronic efficiency of about 16%. Powers as high as 120 MW were observed in short pulses, often at high charging voltages and high a, but not consistently. Reducing the charging voltage could usually restore long-pulse operation, while altering the magnetic field was less likely to do so. balanced, but varied between 340 and 400 G. For each shot, the beam energy was kept constant. The results are shown in Fig. 7 . For this particular case, qVbz500 keV, the power peaked at about 355 G. At lower flux densities, the power level is depressed because the a is small, while at greater magnetic flux densities, the injected beam current decreases due to higher threshold electron energy selection by the cusp. The radiation pattern from the rectangular gyrotron was determined by surveying the position of the WR-975 antenna at various angles, while keeping the distance between the radiating and receiving antennas constant. Results are shown in Fig. 8 . It is clear that the radiated power is maximum on center and is about 3 db down at an angle of 30". Also plotted is a theoretical curve of the expected far-field TElo radiation pattern. The two are in good agreement. In addition, numerically integrating the power levels received yields a bound on the power that is fairly near 40 MW, as predicted by Eq. ( 10).
In other experiments, the orientation of the receiving waveguide was changed by rotation of a quarter turn. The antenna was then situated to couple best to electromagnetic modes that have an E,. On axis, the measured power levels were approximately 8 dB lower than the previous case, evidence of linear polarization. As the WR-975 horn was surveyed off-axis, a narrow radial band of relatively high-power radiation was observed, peaking at about 45". The frequency of the radiation was beyond the bandwidth of the fast oscilloscope (BWZ 1.2 GHz) and was not investigated in great detail. The total power radiated at that harmonic was much smaller than the fundamental.
IV. CONCLUSlONS
A rectangular interaction region was designed for a fundamental-mode large-orbit gyrotron. Operation of the gyrotron as a high-power fundamental mode radiation source was confirmed. Experimentally observed parameters were consistent with the predictions of linear theory. Microwave power of approximately 40 MW was detected in the far field during long pulses, while higher powers ( .-100 MW) were also obtained, but were of short duration. The electronic efficiency of the source is estimated to be about 16% for the long-pulse operation. The radiation was observed at the expected frequency and also found to be linearly polarized. A significant level of power, although considerably less than that in the fundamental, was observed in a harmonic interaction.
As implemented in these experiments, the rectangular interaction region was not optimized for best coupling, but was designed for compatibility with an existing apparatus. Future experiments may address that issue, however. The issues associated with the harmonic interaction will be addressed as well.
